Abstract: An investigation was carried out with three newly developed temperature sensitive genic male sterile (TGMS) lines for their floral traits, seed production potential and outcrossing ability in ten cross combinations. In the TGMS lines, fertile pollens had an average diameter of 0.89 mm while the sterile pollens was with 0.02 mm diameter.TS-29-150GY produced the biggest fertile pollens with 0.92 mm and other two lines produced relatively smaller pollens with 0.91 and 0.85 mm. Pollen fertility during the fertility reversion period was an average of 60.7%. TS-29-150GY had the maximum of 66.9% spikelet fertility whereas other two lines (TNAU18S and TNAU60S) had relatively lower spikelet fertility of 27.8% and 26.7%, respectively. Average of 17.00 g of seed yield was obtained in the TGMS lines during the fertility reversion period. TS-29-150GY had the highest value of 21.20 g of seed yield while TNAU18S and TNAU60S produced 16.6 g and 13.2 g of seed yield, respectively. The low seed production ability of these three TGMS lines was attributed only to the environmental conditions prevailing during the period. All three TGMS lines had considerable outcrossing potential of 41.2%, 24.6% and 25.0%, respectively. The cross combinations viz. TNAU18S/IET21508 (36 g/plant), TNAU18S/IET21044 (13 g/plant), TNAU18S/IET21009 (26.5 g/plant), TNAU60S/CB-09-106 (26.2 g/plant), TNAU60S/IET21009 (14 g/plant) and TS29-150-GY/DRR 3306 (39.2 g/plant) showed perfect synchronization with acceptable hybrid seed yield, indicating suitability of TGMS system under Indian condition. Based on the outcrossing related traits viz. panicle exertion, angle of glume opening, stigma length and pollen size, TNAU18S was identified as the best, followed by TS-29-150GY. Key words: temperature sensitive genic male sterile line; outcrossing; floral trait; hybrid rice Heterosis in rice was observed as early as in 1926 (Jones, 1926; Ramaiah, 1933) . However, attempts for the adoption of hybrid technology were initiated only in 1966 by Yuan Long-ping, father of hybrid rice in China (Yuan, 1977) . The identification of wild abortive (WA) type cytoplasmic male sterility (CMS) in 1970 was a breakthrough in exploiting heterosis in rice breeding. Success in the use of hybrid rice depends on the extent of heterosis and efficiency of the seed production techniques. One of the major anticipated constraints to the sustenance of heterosis breeding in rice is the availability of quality seed within an affordable price range. The use of male sterility is a prerequisite for commercial exploitation of heterosis since rice is a self-pollinating crop. The widely employed cytoplasmic male sterility-fertility restoration system based on three-line breeding is often difficult to maintain. Problems with the maintenance of A lines, the lack of diversity in A and R lines, and the presence of minor fertility genes in B lines have to constantly be addressed in breeding programs, ultimately leading to low heterotic potential and high seed production costs.
Heterosis in rice was observed as early as in 1926 (Jones, 1926; Ramaiah, 1933) . However, attempts for the adoption of hybrid technology were initiated only in 1966 by Yuan Long-ping, father of hybrid rice in China (Yuan, 1977) . The identification of wild abortive (WA) type cytoplasmic male sterility (CMS) in 1970 was a breakthrough in exploiting heterosis in rice breeding. Success in the use of hybrid rice depends on the extent of heterosis and efficiency of the seed production techniques. One of the major anticipated constraints to the sustenance of heterosis breeding in rice is the availability of quality seed within an affordable price range. The use of male sterility is a prerequisite for commercial exploitation of heterosis since rice is a self-pollinating crop. The widely employed cytoplasmic male sterility-fertility restoration system based on three-line breeding is often difficult to maintain. Problems with the maintenance of A lines, the lack of diversity in A and R lines, and the presence of minor fertility genes in B lines have to constantly be addressed in breeding programs, ultimately leading to low heterotic potential and high seed production costs.
Following the landmark finding of rice genotypes reversibly turn male fertile to male sterile and vice versa with changes in environmental factors, such as temperature and/or day length during critical phases of plant growth, the concept of two-line breeding emerged as an alternative to the three-line approach in China (Yuan, 1997) . The main advantages of two-line heterosis breeding include the ability to use a wide range of genotypes as male parents, absence of negative effects associated with sterility-inducing cytoplasm and no need for maintainer lines. Male sterility in temperature sensitive genic male sterile (TGMS) lines is heritable. Higher temperature (> 30 °C) results in sterility while lower temperature (< 23 °C) results in fertility. These characteristic features of TGMS facilitate the hybrid seed production and subsequently it was demonstrated that the TGMS line was more effective in increasing grain yield and seed production efficiency (Yuan, 1990) . International Rice Research Institute has shown that two-line hybrids derived from TGMS lines had higher frequency of heterotic combinations than three-line hybrids derived from CMS lines (Lopez and Virmani, 2000) . Seed production efficiency using TGMS line is higher than that using CMS line because of its inherent nature of eliminating the need of a maintainer line.
TGMS lines remain selectively male sterile at a specific range of temperature and turn self-fertile at certain other temperatures. The prevailing wide range of temperature differences in Tamil Nadu favors both hybrid seed production and the maintenance of TGMS in different locations (Siddiq and Ali, 1999) . Thus, TGMS system has great potential for revolutionizing hybrid rice production through simple, less expensive and more efficient seed production technology. For the successful utilization of this novel male sterility system, knowledge of the breeding and fertility behavior of a TGMS line is essential.
An investigation was carried out to study the flowering traits, seed production capacity and outcrossing potential of three recently developed TGMS lines from Tamil Nadu Agricultural University, Coimbatore, India.
MATERIALS AND METHODS

Rice materials
An investigation was carried out with three new TGMS lines viz. TNAU60S, TNAU18S and TS-29-150GY developed through recombination breeding and mutation breeding. The above stabilized lines were studied for their floral traits, seed production potential and outcrossing ability with 10 male parents at the Paddy Breeding Station, Coimbatore, India, during 2010 -2011 . Seeds of TGMS lines were produced in a cooler season during August to December, 2010. Seed production plot was raised by planting the stubbles of the previous season's crop. The biometrical data on the flowering traits and spikelet fertility were studied. Individual plants covered with butter paper bags and seeds were obtained.
Seed production and outcrossing potential
Seedlings of the respective parents of 10 cross combinations involving three TGMS lines viz. TNAU18S, TNAU60S and TS-29-150GY and corresponding male parents were raised in a nursery. Three staggered sowings were done in weekly intervals. Planting was done at two different stages. Seedlings of the first and second staggering sowings were mixed together for the first planting in a wide spacing of 40 cm × 40 cm. In the second planting, the seedlings from the third staggering sowing were planted in the space between the first planting, thus the final spacing was attained as 20 cm × 20 cm with one plant per hill. In these plantings, single row of TGMS lines were accommodated in three rows between male parents either side. Each cross combination was maintained separately as individual plots. These mini hybrid seed plots were separated with high density polyethylene barriers to six feet height during the entire flowering stage to avoid possible pollen contamination. Rouging was done carefully to eliminate the shedder plants from TGMS lines during flowering. Supplementary pollination was done, twice daily, manually at the time of peak anthesis using bamboo sticks. The stick was used gently to dust the pollen from the male parents onto the female parents. Tagged five TGMS plants were used to record flowering traits viz., panicle exertion percentage, outcrossing potential and microscopic studies on anther length, anther width, style length and angle of glume opening. Apart from these traits, biometrical observations were also recorded and associated with seed production ability. Synchronization between the male and female parents was studied and their duration was calculated based on its anthesis period. All these traits were monitored at the flowering to maturity stage of a male sterile line grown in the field where pollen supply at its flowering time is abundant. Seed-setting rate on the out pollinated primary panicles was observed.
RESULTS
In this study, the established field with previous crop's stubbles was also used to generate some useful information on the flowering traits and potentials of self-seed multiplication abilities of three TGMS lines (Table 1) .
Panicle exertion influences the number of spikelet and grains during the favourable seasons. The highest panicle exertion was obtained in TNAU18S with 92.8%, followed by TNAU60S with 91.8% and TS-29-150GY with 90.6%. TNAU60S produced the maximum anther length of 2.21 mm, followed by TS-29-150GY and TNAU18S with 1.92 and 1.84 mm, respectively. Anther breadth was also highest in TNAU60S, and the other two lines TNAU18S and TS-29-150GY produced similar anther breadths with 0.37 and 0.38 mm, respectively. In the TGMS lines, fertile pollen had an average diameter of 0.89 mm while the sterile pollen had 0.02 mm. TS-29-150GY produced the biggest fertile pollen with 0.92 mm in diameter and the other two lines produced relatively smaller pollen with 0.91 and 0.85 mm. Pollen fertility rate during the fertility reversion period was in an average of 60.7%. TNAU18S had an average of 60.0% pollen fertility rate while both TNAU60S and TS-29-150GY had equal pollen fertility rate of 61.0%. An average of 40.4% spikelet fertility rate was observed among the TGMS lines during the reversion period. TS-29-150GY had a maximum of 66.9% while the other two lines had relatively lower spikelet fertility rates with 27.8% and 26.6%, respectively. Average of 17.00 g of seed yield was obtained among the TGMS lines during the fertility reversion period. TS-29-150GY had the highest value of 21.20 g seed yield while TNAU18S with 16.60 g and TNAU60S with 13.20 g.
In this study, the average style length of the TGMS lines was 1.87 mm. Maximum style length was recorded in TNAU18S with 2.01 mm while TS-29-150GY and TNAU60S had the style lengths of 1.85 and 1.75 mm, respectively. TNAU18S had the maximum spikelet opening angle of 23.0° and TS-29-150GY and TNAU60S had the angles of 20.2° and 18.5°, respectively. TNAU60S involved in four cross combinations and the minimum of 63.4 cm and the maximum of 74.4 cm plant heights were obtained. TS-29-150GY involving in two cross combinations had the lower plant height of 62.2 cm and the greater plant height of 66.8 cm (Table 2 ). It was noted that the tillering and flowering of TGMS lines were prolonged even after the completion of flowering in male parents.
DISCUSSION
TGMS line seeds are generally produced in cool season which favours pollen fertility, as low temperature (< 23 °C) results in fertility while high temperature (> 30 °C) results in sterility irrespective of the photoperiod. These lines can also be easily multiplied in autumn because of the occurrence of low temperature (Virmani et al, 2003) . Evaluation of TGMS lines for flowering, morphological and agronomic traits is a prerequisite to find out commercially useable TGMS lines (Virmani et al, 1997; Kalaiyarasi and Vaidyanathan, 2002) .
Coimbatore in India also experiences cool seasons with contrasting temperature regimes which can reverse the sterile TGMS lines into fertile ones. Several workers stressed that a few other studies also indicated that the TGMS lines with maximum anther length and stigma length may be useful to achieve higher outcrossing rate as they correlate positively (Ali, 1993) . TGMS lines had an average of 60.7% pollen fertility rate during the fertility reversion period while both TNAU60S and TS-29-150GY had equal pollen fertility rate of 61.0%. Lines with larger pollen grains would have lesser fertility chances under favourable conditions (Virmani et al, 2003) . TS-29-150GY had the highest value of 21.20 g seed yield while TNAU18S had 16.60 g and TNAU60S with 13.20 g of seed yield, respectively. The low seed production ability of these three TGMS lines was attributed only to the pollen fertility but not to their panicle exertion rate and glume opening rate.
In evaluating the adaptability of hybrid seed production, high outcrossing rate is the most significant characteristics (Abeyesekera et al, 2003) . Favourable environmental condition with appropriate temperature regimes for TGMS lines, coupled with the sufficient pollen load of the restorer line, is necessary to have maximum outcrossing rate, which may lead to high hybrid seed production. The seed yield in hybrid rice seed production depends on the outcrossing potential of the parental lines. In order to succeed the hybrid seed production, a sufficient number of pollen grains must be deposited on stigma lobes of the spikelets of male sterile parents (Virmani et al, 2003) and the higher stigma length increased the outcrossing ability of TGMS lines (Karpagam, 2011) .
TNAU60S involved in four cross combinations, and the minimum of 63.4 cm and the maximum of 74.4 cm plant heights were obtained. Sufficient amount of pollen was received by the exerted stigma if pollen parents grow to a greater height than the TGMS line (Virmani et al, 2003) . It was noted that the tillering and flowering of TGMS lines were prolonged even after the completion of flowering in male parents. TNAU18S showed the highest panicle exertion percentage of 92.8%. A high panicle exertion percentage in male sterile line would increase the chances of outcrossing by receiving the pollen effectively (Abeyesekera et al, 2003) . However, this parameter did not show significant difference among the tested lines. The degree of spikelet opening angle and the duration of spikelet opening usually bear significant influence on seed-setting rate. The plant height differences between the parents of 10 combinations during the flowering period showed notable influence in outcrossing percentage. This height differences among the parents indicated that the medium differences between two parents (22.8 cm to 51.2 cm) had great influences in seed production. This is in accordance with the statement elaborated by Virmani et al (2003) as this may be attributed to the appropriate height differences, which might ensure the contacts of female line's stigma with the maximum pollen at peak anthesis period of the parents concerned.
The seeding interval was determined by the growth duration between the two parental lines. The one with longer duration was sown earlier according to the number of days of difference between the two parents in terms of days to 50% flowering (Virmani et al, 2003) . Synchronizing period, though it did not have much variation in this study, had little effect on the outcrossing potentials of these TGMS lines by exhibiting varying seed yield in different cross combinations. Three of four cross combinations involving TNAU18S had the highest outcrossing rate. Cross combinations with TS-29-150GY revealed the second highest outcrossing rate while the TNAU60S combination had the lowest outcrossing potential. The lowest outcrossing potential of TNAU60S might be attributed its relatively poor panicle exertion, smaller angle of glume opening, less stigma length, and less number of spikelet openings at the time of peak anthesis. This experiment revealed that seed production potential in the TGMS lines during fertility reversion phase can be enhanced by growing them under medium hill regions of Gudalur (1000 m mean sea level) in Nilgiris District, India. High values in the aforesaid traits are utmost important to increase outcrossing potentials of hybrids. Any TGMS lines should have at least more than 30% outcrossing ability when they are used as females with potential pollinators for successful production of two-line rice hybrids. Similarly, this experiment revealed that all these three TGMS lines viz. TNAU18S, TS-29-150GY and TNSU60S had considerable outcrossing potentials with respective 39.3%, 24.6% and 17.6%, and also the cross combinations of TNAU18S/IET21508, TNAU18S/IET21044, TNAU18S/IET21009, TNAU60S/CB-09-106, TNAU60S/IET21009 and TS-29-150GY/DRR3306 had showed perfect synchronization period with acceptable hybrid seed production which would pave the way for using TGMS system under local condition.
